Caveolae are composed of 2 major proteins, caveolin 1 (CAV1) and cavin 1 or polymerase transcript release factor I (CAVIN1). Here, we demonstrate that CAV1 levels modulate invasion of Group A Streptococcus (GAS) into nonphagocytic mammalian cells. GAS showed enhanced internalisation into CAV1-knockout mouse embryonic fibroblasts and CAV1 knockdown human epithelial HEp-2 cells, whereas overexpression of CAV1 in HEp-2 cells reduced GAS invasion.
2000; Molinari et al., 2000; Rohde, Muller, Chhatwal, & Talay, 2003) . Successful cellular internalisation of GAS is thought to be important for evading host immune responses and/or antibiotic therapy (Barnett et al., 2013; Gastanaduy, Kaplan, Huwe, McKay, & Wannamaker, 1980; Gillespie, 1998; Medina, Goldmann, Toppel, & Chhatwal, 2003; Passàli, Lauriello, Passàli, Passàli, & Bellussi, 2007) .
In addition to the invasion pathway involving a fibronectin crossbridge to α5β1 integrins (Dombek et al., 1999; Molinari et al., 2000) , some GAS strains were suggested to invade host cells via an alternative pathway that involves host caveolae (Rohde et al., 2003) . Caveolae are flask-shaped invaginations in eukaryotic plasma membranes (PMs; Schlörmann et al., 2010) that are rich in cholesterol, glycosphingolipids, and glycosylphosphatidylinositol-anchored molecules (Örtegren et al., 2004) . The scaffolding component of caveolae is caveolin 1 (CAV1), which oligomerises to form the primary caveolae structure. This structure is stabilised by the polymerase I and transcript release factor (PTRF), also known as cavin 1 (hereafter designated CAVIN1). Caveolae are implicated in multiple cellular functions, including the uptake of various macromolecules (Parton & del Pozo, 2013) , and have also been shown to modulate the invasion of several bacterial pathogens into host cells (Boettcher et al., 2010; Duncan, Li, Shin, Carson, & Abraham, 2004; Gatfield & Pieters, 2000; Hoffmann et al., 2010; Shin, Gao, & Abraham, 2000; Watson & Galán, 2008) . Invading GAS were found to colocalize with host caveolae during internalisation (Rohde et al., 2003) . However, the mechanism by which caveolae facilitates GAS internalisation was not described.
Here, we have examined the effect of loss of the caveolae components, CAV1 and CAVIN1, on GAS invasion using both knockdown approaches and through the use of genetic models. In addition, we have extensively analysed the pathway of GAS invasion using quantitative electron microscopy. We observe no significant association of invading bacteria with caveolae in both in a model cell line and in primary human tonsil epithelial cells (HTEpiCs). Rather than being required for invasion, loss of CAV1 dramatically increases GAS invasion of human epithelial cells. Our results suggest that CAV1 protects human epithelial HEp-2 cells against GAS invasion and that this occurs via a caveola-independent mechanism.
2 | RESULTS
| Loss of CAV1 increases, and overexpression reduces, GAS invasion into nonphagocytic mammalian cells
It has previously been suggested that GAS invade epithelial cells via caveolae, based on the observation that invading GAS colocalized with CAV1 and caveolae, and cholesterol-depleting pharmacological agents reduced GAS internalisation (Rohde et al., 2003) . As cholesteroldepleting agents may also cause off-target effects in addition to disrupting caveolae (Liu et al., 2002; Rodal et al., 1999) , we explored the role of caveolae during GAS invasion by infecting wild-type (WT) mouse embryonic fibroblast (MEF) cells and CAV1-knockout MEFs (CAV1 −/− MEFs; Figure 1a ). Knockout of CAV1 in MEFs was confirmed using Western immunoblots and resulted in only a slight reduction in CAVIN1 expression relative to WT (Figure 1a , top panel). We tested invasion using the clinically important serotype M1T1 strain 5448 (hereafter termed M1T1 5448 ), and GAS internalisation was measured using a gentamicin protection assay, in which colony-forming units (CFUs) were quantified following gentamicin treatment to kill extracellular bacteria. The proportion of intracellular GAS in CAV1 −/− MEFs postinfection was significantly higher compared to WT MEFs for M1T1 5448 (p < .01, Figure 1a ). These results suggest that the presence of CAV1 restricts internalisation of GAS into MEFs.
CAV1 functions together with CAVIN1 to form caveolae (Briand, Dugail, & Le Lay, 2011; Hill et al., 2008) . Expression of CAV1 and CAVIN1 are usually codependent, and both are required for the formation of caveolae in mammalian cells (Faggi et al., 2015; Lo et al., 2015) . As such, we predicted that the loss of CAVIN1 would also result in increased GAS internalisation into host cells. WT and CAVIN1-knockout MEFs (CAVIN1 −/− MEFs) were infected with M1T1 5448 , and the invasion rate was determined using the gentamicin protection assay (Figure 1b) . Knockout of CAVIN1 resulted in moderate reduction of CAV1 expression (Figure 1b, top panel) . Surprisingly, in the absence of CAVIN1, we observed a significant suppression of M1T1 5448 invasion into MEFs (p < .01, Figure 1b ). This did not occur as a result of reduced viability of the CAVIN1 −/− cells as measured by lactate dehydrogenase release (97.15 ± 0.02% viable for WT and 96.52 ± 0.37% viable for CAVIN1 −/− cells). This result indicated that in contrast to CAV1, CAVIN1 facilitates GAS internalisation into MEFs.
In view of the striking effect of loss of CAV1 on GAS invasion of MEFs, we focused on characterizing the role of CAV1 and extended our studies to human epithelial HEp-2 cells, a cell model commonly used for GAS invasion studies (Amelung et al., 2011; Barnett et al., 2013; Rohde et al., 2003 ; see Section 4 for genotypic characterization of this HeLa-like cell line; Chen, 1988) . HEp-2 cells stably transfected with plasmids encoding short hairpin ribonucleic acid (shRNA) against CAV1 (hereafter termed shCAV1) or a nontargeting scrambled shRNA (hereafter termed shScr) were generated as described in Section 4 (Madaro et al., 2013) . The efficiency of CAV1 silencing was confirmed using Western immunoblot, as observed by the reduction in intensity of the 25-kDa molecular weight band in the shCAV1 cells compared to WT and shScr HEp-2 cells (Figure 1c ). Although M1T1 5448 attached to WT, shCAV1, and shScr HEp-2 cells with equal efficiency (p > .05, Figure S1 ), invasion of M1T1 5448 into shCAV1 HEp-2 cells was significantly higher compared to WT and shScr HEp-2 cells (p < .01, Figures 1d and S2) . Furthermore, this effect of CAV1 on GAS invasion was not dependent on the expression of the GAS fibronectin binding protein SfbI, as internalisation of the SfbI-positive GAS serotype M12 strain A40 (hereafter termed M12 A40 ; Rohde et al., 2003) into shCAV1
HEp-2 cells was also increased relative to WT ( Figure S3 ). Figure 1d ), despite low levels of expression of YFP-CAV1 in these cells ( Figure S4 ). To determine whether increased CAV1 expression levels affect M1T1 5448 invasion, we overexpressed CAV1 in WT HEp-2 cells by transfecting with YFP-CAV1 prior to infection with M1T1
5448
. The overexpression with YFP-CAV1 resulted in a significant reduction in intracellular M1T1 5448 compared to WT (p < .0001, Figure 1d ), indicating that increased CAV1 levels inhibit GAS invasion into HEp-2 cells. To rule out differences in GAS viability, we also examined the proportion of intracellular M1T1 5448 in both WT and shCAV1 HEp-2 cells using confocal immunofluorescence microscopy ( Figure 1e ). An increase in intracellular M1T1 5448 in shCAV1 HEp-2 cells compared to WT and shScr HEp-2 cells was observed (p < .01, Figure 1f ), suggesting that altered GAS viability is not the cause of the increased intracellular CFU in the shCAV1 HEp-2 cells. invasion into WT HEp-2 cells and derivatives. Data represented as mean ± SEM, **p < .01, ****p < .0001; n = 3. (e) Representative immunofluorescence image used for quantification of GAS invasion in (f). Extracellular/cell-associated GAS (cyan) and intracellular GAS (red) were differentiated by staining with different Alexa-Fluor®-conjugated GAS antibodies. GAS stained both cyan and red were scored as invading bacteria (arrow (Figure 2 ), as described for the SfbI-expressing GAS strain M12 A40 by Rohde et al. (2003) . However, we did observe some random association of invading M1T1 5448 with individual puncta of CAV1 ( Figure S5a -c), which we termed as mosaic-type association (one to two puncta in association per GAS) or partial association (more than two puncta in association per GAS; Figure S5d ), indicating that antibody staining of CAV1 in WT HEp-2 cells was specific to CAV1. Taken together, these results suggest that invading GAS may randomly associate with CAV1 during the invasion process. Inset is a zoomed image of the GAS indicated with the arrow. Scale bar: 10 μm. Quantification is given in Table 1 Association was calculated as a percentage of each coccus chain scored at random that was either in association with host CAV1 in a mosaic or partial pattern (see Figure S5 ).
Because it is not possible to resolve caveolae (60-80-nm diameter) using immunofluorescence microscopy, we next characterized the invasion process by electron microscopy. Scanning electron microscopy (SEM) showed association of M1T1 5448 with filopodia and with invaginations of the PM ( Figure S6 ) but suggested no significant enrichment of structures with the morphology of caveolae in these areas ( Figure S6c ). As SEM provides only a surface view of the cell and the associated bacteria, any caveolae in close apposition to the bacteria cannot be imaged. We therefore used thin-section quantitative electron microscopy to analyse possible association of internalising M1T1 5448 with caveolae. Note that strict criteria for caveolae were used based on the presence of 60-80-nm uncoated invaginations of the cell surface in WT cells but not in cells lacking CAV1, as in previous studies (Hill et al., 2008; Kirkham et al., 2008) . Figure   S9 ). This agrees with our previous observation that M1T1 5448 are internalised into the endosomal pathway and rapidly escape to replicate in the cytosol (Barnett et al., 2013) . The enclosing membrane frequently showed a wavy membrane shape ( Figure 6 ) but only rarely presented any associated structures with caveola morphology. The (Figure 3d ), suggesting that the major effect of the loss of CAV1 is on the internalisation pathway. However, there were no detectable qualitative differences in the invasion pathway in the shCAV1-knockdown cells.
Finally, we extended the ultrastructural analysis of the GAS uptake pathway to primary human tonsil epithelial cells (HTEpiCs), the natural site of infection in vivo. As shown in Figure 8 , the pathway appeared morphologically identical to the pathway in HEp-2 cells, with M1T1 5448 associated with 41% filopodia, 21% protrusions or
Ultrastructural TEM analysis of GAS association with HEp-2 cells at early time points. (a-g) Representative electron micrographs of WT M1T1 5448 invasion at 5-10 min postinfection. HEp-2 cells were infected with M1T1 5448 for 5 min (a-e) or 10 min (f, g) at 37°C and then processed for electron microscopy. GAS were found predominantly associated with filopodia (b, c) but are also observed in close apposition to flat/featureless PM or large PM protrusions/invaginations (a, d-g), suggestive of engulfment of chains of bacteria. No significant enrichment of caveolae is observed in areas of bacterial attachment and engulfment. Caveolae (arrowheads) and clathrin coated pits (double arrows) are indicated. Scale bar: 1 μm invaginations, 13% featureless PM, 0% caveolae, and 25% intracellular at 1 hr postinfection (n = 1). There was no significant association with areas of the membrane enriched in caveolae, and the major structures apparently mediating internalisation were protrusions from the cell surface or large invaginations of the surface (Figure 8b-d , and invasion was measured as described in Section 4, except that 0.05% Tween Figure 9a ).
This reduction in shCAV1 cells was not due to reduced host viability post-detergent-treatment (Table S1 ).
To rule out direct effects of Tween 20 on GAS invasion independent of membrane fluidity, we also examined the effect of fluidity on M1T1 5448 invasion using increased environmental temperature (Hoffmann et al., 2010) . HEp-2 cells were incubated at 37 or 41°C
for 1 hr prior to infection with M1T1
, and invasion was measured by gentamicin protection assay. As shown for Tween 20, the level of M1T1 5448 invasion into WT HEp-2 cells at 41°C was not significantly FIGURE 7 Ultrastructural TEM characterization of GAS invasion into shCAV1 HEp-2 cells. shCAV1 HEp-2 cells were infected with M1T1 5448 for 1 hr at 37°C and then processed for electron microscopy. At the cell surface, bacteria are associated with filopodia and flat PM as observed in WT cells. Numerous bacteria are observed in intracellular vacuoles at this time, with similar features to those in WT HEp-2 cells (such as internal vesicles (arrows) and ER association). PM, plasma membrane, N, nucleus, ER, endoplasmic reticulum. Scale bar: 1 μm different from that at 37°C (9.0% vs. 16.6%, Figure 9b ). In contrast, incubation of shCAV1 HEp-2 at 41°C resulted in lowered M1T1 5448 invasion compared to incubation at 37°C (13.9% vs. 38.3%, Figure 9 b), which was similar to our observation with Tween 20 treatment.
Cells were also viable throughout the infection process under these experimental conditions (Table S1 ). The similar invasion efficiency of WT and shCAV1 cells when membrane fluidity is increased suggests that differences in membrane properties underlie the difference in invasion efficiency of cells with endogenous CAV1 as compared to CAV1-null cells. Hoffmann et al. (2010) 
| DISCUSSION
GAS is a versatile human pathogen that has evolved to exploit the host cells' phagocytic machinery to invade, overcome defences, persist, and cause disease (Cunningham, 2000) . One widely accepted model for GAS invasion is via the engagement of fibronectin to trigger uptake through activation of host α5β1 integrins (Molinari et al., 2000; Nobbs, Lamont, & Jenkinson, 2009; Rohde & Cleary, 2016) . In this study, we b Association was calculated as a percentage of each individual coccus scored at random that was in association with either plasma membrane or intracellular caveolae as described in Figure 3 . into large PM invaginations that possess putative actin filaments consistent with reported reorganisation of the actin cytoskeleton during GAS invasion (Nobbs et al., 2009; Rohde & Cleary, 2016) . Bacteria internalised via this process often reside in endocytic vesicles and are usually targeted to lysosomal compartments (Dombek et al., 1999) .
This is in agreement with our observations in which internalised GAS appear to be contained within vesicles of endosomal or lysosomal origin. These electron micrograph visualisations support the current model for GAS invasion into nonphagocytic cells, indicating that GAS exploits remodelling of the actin cytoskeleton to gain entry.
In addition to the fibronectin-dependent invasion mechanism described above, SfbI-expressing GAS have also been suggested to invade HEp-2 cells via a process that includes recruitment of caveolae, based on the observations that GAS colocalized with CAV1 and that pharmacological agents that disrupt caveolae also restrict GAS invasion (Rohde et al., , 2003 . In this study, we used precise knockdown (HEp-2) and knockout (MEFs) cell lines to demonstrate that CAV1 protects against GAS invasion. This protective effect appears to be independent of the formation of caveolae, as CAVIN1
MEFs, which like CAV1 −/− MEFs also lack caveolae, exhibited the opposite phenotype. This is a particularly striking finding in view of the fact that CAVIN1 −/− MEFs have reduced CAV1 protein levels (Figure 1b) , which would promote bacterial invasion. Conversely, CAV1 −/− MEFs have reduced CAVIN1 levels due to increased CAVIN1 proteasomal degradation in cells lacking caveolae (Tillu, Kovtun, McMahon, Collins, & Parton, 2015) . This effect was also not dependent on the expression of SfbI, as internalisation of both M1T1 5448 (SfbI−) and M12 A40 (SfbI+) was similarly inhibited by CAV1 expression.
The reason for our contrasting findings to that of Rohde et al. (2003) remains to be determined. One issue concerns the use of cholesterol depletion as an indicator of caveolar involvement. The effects of cholesterol depletion are not restricted to caveolae, and it is known that noncaveolar endocytic pathways are highly sensitive to perturbation of cholesterol (Chaudhary et al., 2014; Hoffmann et al., 2010 . Data represented as mean ± SEM, p > .05 ****p < .0001, n = 3. Invasion was measured as per gentamicin protection assay of CAV1 increased invasion of both of these SfbI-positive and SfbI-negative GAS strains, suggesting an SfbI-independent role of CAV1 in restricting GAS uptake into HEp-2 cells. Furthermore, we have conclusively demonstrated that for M1T1 5448 , this restriction was not dependent on detectable physical association with caveolae or CAV1. First, there was minimal association of bacteria with caveolae at any time point as judged using a comprehensive electron microscopic analysis.
Furthermore, immunofluorescence analysis, using antibodies against endogenous CAV1 showed no significant recruitment of CAV1 with M1T1 5448 at any time point, although some overlap of signals could be observed, as expected for any PM-associated particle as viewed by light microscopy. Notably, we never observed a ring of CAV1 around M1T1 5448 -containing vacuoles. It is also important to note that overexpressed CAV1 can associate with the entire PM and cannot be assumed to be a caveola marker due to the limiting concentration of accessory proteins such as CAVIN1 (Parton & del Pozo, 2013) .
Caveolae-independent roles of CAV1 have been reported in the regulation of clathrin-independent endocytosis (Chaudhary et al., 2014; Lajoie et al., 2009 ) and uptake of S. aureus and other integrinbinding bacteria (Hoffmann et al., 2010; Hoffmann, Ohlsen, & Hauck, 2011) . Our results suggest that CAV1 inhibits GAS invasion, and this occurs independent of its ability to form caveolae, as loss of caveolae through genetic loss of CAVIN1 did not have the same inhibitory effect on invasion. In addition to its role in caveolae formation, the CSD has been linked to the regulation of PM fluidity (Chaudhary et al., 2014; Hoffmann et al., 2010) , the loss of which may be associated with accelerated clathrin-independent endocytosis (Chaudhary et al., 2014) and uptake of pathogens (Boettcher et al., 2010; Hoffmann et al., 2010) .
Loss of CAV1 has widespread effects on the lipid composition of the PM lipids including phosphatidylserine and the ganglioside GM3 (Ariotti et al., 2014) . This results in changes in the nanoscale organisation of lipid-anchored proteins, including specific Ras protein isoforms, with resulting functional differences in oncogenic signalling. It has been suggested that caveolae may act as a regulatory store for lipids (Parton & Simons, 2007) . Consistent with this, flattening of caveolae in response to increased membrane tension causes similar changes in lipid organisation to global loss of caveolae (Ariotti et al., 2014) . In the case of staphylococcal infection, increased lateral mobility of PM lipids in cells lacking CAV1 correlated with increased bacterial entry (Hoffmann et al., 2010) . In the case of GAS, however, increased bacterial invasion in the knockout cells was reversed with the two physical manipulations designed to further increase lipid mobility. The specificity of this effect is shown by the fact that the two treatments, addition of a small quantity of detergent or increasing the temperature, did not increase GAS invasion of the WT cells. The restriction of GAS invasion in the manipulated CAV1 knockout cells suggests that there may be an optimal membrane fluidity for GAS invasion. Intriguingly, in cells lacking caveolae through loss of CAVIN1, GAS invasion was not increased but decreased, suggesting a facilitatory role of CAVIN1 in invasion. This is particularly striking in view of the significant reduction of CAV1 protein in the CAVIN1 knockout cells. Similarly, loss of caveolae in the CAV1-knockout cells increased invasion despite greatly reduced CAVIN1 protein levels. One conclusion compatible with these results would be a significant role of noncaveolar pools of these caveolar proteins in either restricting (CAV1) or promoting (CAVIN1) GAS invasion, but the dominant effect is the complete loss of the respective proteins. GAS infection can provide an excellent system to define these opposing effects of the two caveolar assembly proteins.
In summary, we report an independent role of CAV1 protein, but not caveolae, in protecting nonphagocytic epithelial cells against GAS infection. In addition, we provided an extensive ultrastructural representation of the GAS invasion process into HEp-2 cells and primary HTEpiCs that will aid further studies into the invasion process of this important human pathogen.
| EXPERIMENTAL PROCEDURES
4.1 | Bacterial strains GAS strains M1T1 5448 (Kansal, Nizet, Jeng, Chuang, & Kotb, 2003) and M12 A40 (Amelung et al., 2011; Rohde et al., 2003;  The HEp-2 cell line used in this study (ATCC®CCL-23™) has been shown to have a similar karyotype to HeLa and HeLa S3 (Chen, 1988) . Genotyping results revealed that the HEp-2 cell line used in this study was 93.75% identical to HeLa (Table S2) .
Primary HTEpiCs were maintained in tonsil epithelial cell medium supplemented with 1% tonsil epithelial cell growth supplement and cultured at 37°C, 5% CO 2 (ScienCell Research Laboratories). HTEpiC cells used in this study (ScienCell Research Laboratories) were isolated from tonsil explants of an individual donor (no. 10474, 10-year-old, male, Caucasian) and consist of heterogeneous population of stratified squamous and reticulated epithelial cells.
MEFs were isolated from WT, CAV1 −/− (Razani et al., 2001) , or CAVIN1 −/− ) C57BL/6 mice. Stable CAV1-knockdown HEp-2 cell lines were generated as previously described (Kunath et al., 2003) . Briefly, a modified pcDNA 3.1 (+) plasmid vector encoding human H1 RNA pol III promoter was used. The target shRNA sequence is at bases 403-421 of human CAV1. Cells were identified using a rabbit polyclonal antibody (pAb) against CAV1 (Santa Cruz Biotechnology, Inc.) and protein levels determined by Western immunoblot analysis.
For transfection, plasmid DNA was purified using NucleoBond® Xtra plasmid purification kit (Macherey-Nagel) and subsequently intro- 
| Western immunoblot analysis
SDS-PAGE and Western immunoblot analysis were performed as described by Barnett et al. (2013) . Briefly, whole-cell lysates of MEFs 
| Gentamicin protection assay
Gentamicin protection assays were used to estimate GAS adhesion and invasion essentially as previously described (Conrad et al., 2007) , except that penicillin G was omitted as it has been shown to kill cytosolic GAS (Barnett et al., 2013) . Briefly, MEFs or HEp-2 cells were seeded in 24-well plates and incubated at 37°C, 5% CO 2 until confluent. GAS cultures were grown to early stationary phase (OD 600~1 .1- 
| Confocal immunofluorescence microscopy
For colocalization studies, HEp-2 cells were first seeded onto coverslips in 24-well plates and infected with Calcein-AM-tagged GAS M1T1 5448 as described above for a duration of 5, 10, 60, and 120 min. Calcein-AM was used to stain M1T1 5448 as described by For quantification of GAS invasion, HEp-2 cells were seeded onto coverslips, infected with untagged M1T1 5448 , and fixed as described above. Extracellular GAS were first stained with AlexaFluor-647-conjugated rabbit pAb GAS antibody, followed by permeabilisation and staining of intracellular GAS with Alexa-Fluor-555-conjugated rabbit pAb anti-GAS (Abnova). GAS invasion was calculated by dividing the number of Alexa-Fluor-555-stained GAS with the total number of GAS (Alexa Fluor 647 and Alexa Fluor 555 stained). At least a total of 360 (120 per replicate) GAS chains were scored from three independent experiments. Confocal microscopy was performed on a Zeiss LSM 710 upright microscope. Images were acquired using variable spectral detection as follows: Figures 2 and S8, Alexa647 (excitation, 633-nm laser using an MBS 488/561/ 633 filter; detection, 638-754 nm), calcein (excitation, 488-nm laser using an MBS488 filter; detection, 493-616 nm); Figure S9 , mRFP (excitation, 561-nm laser using an MBS 458/561 filter; detection, 582-754), calcein (excitation, 488-nm laser using an MBS488 filter; detection, 493-596 nm). Acquired images were compiled using ImageJ Fiji software (Schindelin et al., 2012) .
| Transmission electron microscopy
HEp-2 cells were seeded onto coverslips and infected with GAS at MOI 100. Cells were incubated with GAS for 5, 10, 60, and 120 min and processed for transmission electron microscopy as described previously (Parton, Molero, Floetenmeyer, Green, & James, 2002) . Briefly, cells were washed three times in excess DPBS and fixed in 2.5% glutaraldehyde (ProSciTech) in PBS for 1 hr at room temperature followed by osmium tetroxide and dehydrated in a series of ethanol concentrations. Samples were then embedded in LX112 resin and polymerised overnight at 60°C. Ultrathin sections (60 nm) were prepared on Leica UC6 microtome and imaged using a JEOL1011 electron microscope operated at 80 kV. At least 70 bacteria were scored randomly for association with flat PM, membrane protrusions or invaginations, filopodia, intracellular vacuoles, and host caveolae.
| Scanning electron microscopy
HEp-2 cells were seeded onto coverslips and infected with GAS at MOI 100. Cells were incubated with GAS for 60 min at 37°C and then fixed in 2.5% glutaraldehyde in PBS. Samples were washed in PBS before incubation with osmium tetroxide and dehydration in ethanol using a Biowave processing microwave (Ted Pella, Redding). Samples were then dried from hexamethyldisilazane before coating with iridium. They were then viewed in a Zeiss (Germany) Sigma SEM operated at 3.5 kV.
| Statistical analyses
All data represented are from three individual independent replicates unless otherwise stated. Error bars were calculated as mean ± standard error of the mean. Statistical analysis was performed using Microsoft
Excel and GraphPad Prism 6 software (t test or analysis of variance), and a p value of less than .05 was determined to be significant.
